Purpose: To determine how often loss of ataxia-telangiectasia-mutated (ATM) protein expression occurs in primary pancreatic ductal adenocarcinomas and to determine its prognostic significance.
Introduction
Pancreatic ductal adenocarcinoma is the fourth leading cause of cancer-related mortality in the United States (1) . Pancreatic cancers are rarely detected at an early stage, with approximately 80% of cases being diagnosed after regional invasion or distant metastasis, and pancreatic cancer-related mortality remains poor (1) . Even among patients who present with surgically resectable disease, at least 80% of these patients will subsequently develop local recurrences or distant metastases within 2 years of surgery (2) . Mortality from pancreatic cancer requires better early detection strategies and a better understanding of the molecular alterations that predict outcome. Efforts to improve the early detection of pancreatic cancer have relied on identifying individuals with an inherited susceptibility to pancreatic cancer and to evaluate the utility of screening these individuals to identify pancreatic cancer precursors and early invasive pancreatic cancers that could be cured with appropriate therapeutic intervention (3, 4) .
The genetic alterations responsible for the familial aggregation of pancreatic cancer are still under investigation. The genes with germline mutations that have been identified as being associated with an increased pancreatic cancer susceptibility include BRCA2, PALB2, p16, STK11, PRSS1, and ATM (5). BRCA2 has been the gene most commonly identified as predisposing to familial pancreatic cancer when mutated in the germline (5) , with germline mutations in PALB2, ATM, p16, PRSS1, and STK11 together accounting for less than 10% of the familial clustering of pancreatic cancer (6) (7) (8) .
The ataxia-telangiectasia-mutated (ATM) gene is a tumor suppressor gene of approximately 150 kb-length which is located on 11q22-23. It encodes the ATM protein, which upon activation phosphorylates downstream targets involved in DNA damage repair and cell-cycle checkpoint activation, such as p53 and Chk2, in response to DNA damage and thus maintains genomic integrity (9) (10) (11) . The population prevalence of germline ATM gene mutation carriers has been estimated to be approximately 0.5% to 1% (10, 12) , and germline biallelic inactivation of the ATM gene results in ataxia-telangiectasia, a rare autosomal recessive disease which is characterized by various clinical manifestations, including cerebellar ataxia, oculo-cutaneous telangiectasia, immunodeficiency, radiosensitivity, and increased risk of malignancies, especially hematolymphoid malignancies (12) .
Germline mutations in the ATM gene have also been associated with increased risks of certain solid cancers, particularly familial breast cancers that do not harbor BRCA mutations (13) . Recently, deleterious ATM mutations have been recognized in the germline of families with familial pancreatic cancer, suggesting that ATM is a susceptibility gene in pancreatic cancer (14) . Truncating somatic ATM mutations in pancreatic ductal adenocarcinomas have also been recently demonstrated (15) .
In this study, we sought to identify the prevalence of alterations of ATM protein expression in pancreatic ductal adenocarcinomas, including both sporadic and familial cancers, and to analyze the prognostic significance of ATM protein expression status in these tumors.
Materials and Methods

Case selection and tissue microarray construction
We reviewed the clinicopathologic records of 397 patients who had a pancreatic cancer resected at Johns Hopkins Medical Institutions (Baltimore, MD) between January 1998 and June 2006. These patients were included because we had sufficient formalin-fixed paraffin-embedded pancreatic ductal adenocarcinoma tissues available for ATM immunohistochemical analysis. The clinicopathologic findings of each case were carefully reviewed from the regularly updated clinical database and the hematoxylin and eosin slides, including tumor size, histologic differentiation, presence of vascular or perineural invasion, tumor stage, the presence of a family history of pancreatic cancer, treatment modality, and follow-up data. Vascular invasion was defined by the presence of neoplastic cells inside the lumen of vascular structures containing smooth muscle layers, in the peritumoral pancreas, intratumoral tissue, or in fibroadipose tissues. Only conventional ductal adenocarcinomas were enrolled in the study; variants such as adenosquamous carcinomas, medullary, or undifferentiated carcinomas were excluded. Pathologic tumor staging was performed according to the tumor-node-metastasis classification of the American Joint Committee on Cancer Staging Manual, 7th edition. The time of relapse (local recurrence or distant metastasis) and time of death were obtained from the Johns Hopkins Pathology Database, patient records, and radiology reports. This study was conducted under the approval of the Johns Hopkins Hospital Institutional Review Board.
Tissue microarrays (TMA) were constructed from archival formalin-fixed paraffin-embedded tissue blocks as previously described (16) . Four 1.5 mm-sized cores were punched from each patient's tumor and non-neoplastic pancreatic tissue donor blocks and harvested into recipient blocks. These TMAs were designed to obtain uniform immunohistochemical labeling of pancreatic tissues and limit intra-assay variation, and normal tissues from various other organs, including tonsil, colon, testis, and liver, were included in each TMA for quality control.
To obtain an independent estimate of the prevalence of tumoral ATM loss in primary pancreatic ductal adenocarcinomas and further examine its prognostic significance, we performed immunohistochemical analysis of ATM and TP53 on TMAs from an additional 159 surgically resected pancreatic cancer cases treated at Emory University Hospital (Atlanta, GA) between 1978 and 2012 and examined clinicopathologic associations as described above.
Immunohistochemistry
Immunohistochemical labeling was performed with ATM rabbit monoclonal antibody (1:50, ab32420, Abcam) and TP53 mouse monoclonal antibody (ready-to-use, clone DO-7, DakoCytomation). Briefly, 4-mm thick sections from the TMA paraffin blocks were deparaffinized in xylene, rehydrated in graded alcohol, and quenched in 3% H 2 O 2 . Antigen retrieval was performed in Tris-HCl buffer
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(pH 7.5; ATM) or citrate buffer (pH 6.0; TP53) in a steam pressure cooker for 15 minutes and the TMA slides were incubated with primary antibodies in a humidified chamber for 1 hour at room temperature. After rinsing, the slides were incubated with a secondary antibody (PowerVision poly-HRP anti-rabbit immunoglobulin G, Leica Biosystems) for 30 minutes. 3,3-Diaminobenzidine was used as a chromogen, and the sections were counterstained with hematoxylin. Some tissues did not immunolabel successfully due to loss of tissue cores during the sectioning or labeling process. The immunohistochemical scoring was performed blinded to any other patient data including outcome. Nuclear labeling with the ATM antibody was regarded as positive, and the percentage of immunolabeled nuclei was calculated for each TMA core. "Loss of ATM expression" was defined as labeling of less than 10% of neoplastic cell nuclei. "Abnormal TP53 expression" was defined as either positive labeling in 50% or more of tumor cell nuclei or total absence of nuclear labeling as described previously (17) . To examine the specificity of the ATM antibody, we obtained primary pancreatic cancer tissue from a patient known to have a germline mutation in ATM and loss of the wild-type ATM allele in their cancer (14) .
ATM mutation analysis
To identify germline mutations in the ATM gene, Sanger sequencing was performed as previously described using matched non-neoplastic duodenal or pancreatic tissues from cases with loss of ATM protein expression (18) . Sixty-three primer sets which covered 62 exons of ATM were used for sequencing. Information about the ATM primer sequence is summarized in Supplementary Table S1 . As a positive control, one case with a previously described germline ATM mutation was included in the sequencing analyses (14) .
ATM and TP53 expression status in postneoadjuvant treatment pancreatic cancers
Twenty-two additional pancreatic cancer cases, which had been treated by chemoradiotherapy before surgical resection at Johns Hopkins Medical Institutions, were analyzed for ATM and TP53 expression by immunohistochemistry. Adequate labeling could not be obtained for one of these cases. Tumor response to chemoradiotherapy was evaluated histologically, focusing on the extent of fibrosis, necrosis, tumor cellularity, and the presence of cytopathic effects (19) .
Statistical analysis
Data were analyzed using SPSS software, version 19.0 (SPSS Inc) and Stata, version 11 (StataCorp). The differences in the continuous and categorical clinicopathologic variables according to ATM expression status were analyzed using the Student's t test, c 2 test, and Fisher exact test, as deemed appropriate. At the time we initiated the study, we did not have much data to refer to about the prevalence of ATM loss in pancreatic cancer or its prognostic significance, so we estimated our study power assuming ATM had a prevalence of 11% and a similar prognostic magnitude of other genes inactivated in pancreatic cancer such as SMAD4 (20) (21) (22) . We estimated our power to detect a survival difference with our sample size. Assuming an overall median survival of approximately 21 months in our study population, with 396 cases in the Hopkins series of which 44 had ATM loss, we would have a 71% probability of detecting a difference in survival with ATM-expressing versus nonexpressing cases assuming a survival of 24 months in ATM-expressing cases and 16 months in ATM loss cases with a standard type I error of 0.05.
The overall survival, local recurrence-free survival, and distant metastasis-free survival were analyzed for patients with pancreatic adenocarcinoma; overall survival was defined as the time from primary surgical resection to death or the date of last follow-up, and local recurrence-free survival or distant metastasis-free survival was defined as the time from primary resection to first local recurrence or distant metastasis, respectively, or the date of last follow-up. Survival rates were calculated using the Kaplan-Meier method and statistical significance was evaluated using the logrank test. The clinical charts, imaging study reports, and the pathology database were carefully reviewed to identify patients with relapse. Clinicopathologic variables with P < 0.1 on univariate analysis were checked for the proportional hazards assumption by examining the Schoenfeld residuals, and the variables satisfying the proportional hazards assumption were included in the multivariate Cox regression analysis. Univariate and multivariate analysis was performed for each site and then for the overall study population. The combined multivariate analysis also controlled for institution. In the Emory series, seven patients were lost to follow-up, and regarded as censored from the overall survival analysis. For the relapse-free survival analysis of Hopkins cases, only patients with complete followup data at the time of analysis were included (n ¼ 345). Treatment periods were defined as 5-year intervals as follows: before 1985, 1986-1990, 1991-1995, 1996-2000, 2001-2005, 2006-2010 , and 2011 and later. Statistical significance was defined as P < 0.05.
Results
Clinicopathologic correlation and survival analysis (Hopkins series)
The clinicopathologic features of the 397 patients and their pancreatic ductal adenocarcinomas from Johns Hopkins Hospital who underwent pancreatic resection without prior therapy are summarized in Table 1 .
In non-neoplastic pancreata, the antibody to ATM labeled the normal nuclei of ductal and acinar cells (Fig.  1) . Complete loss of tumoral ATM expression was evident in one pancreatic cancer ascertained from a patient known to carry a deleterious germline ATM mutation and loss of the wild-type ATM allele in their cancer (14) . ATM loss was observed in 50 out of 396 (12.8%) remaining pancreatic cancers. When the sporadic (n ¼ 347) and familial (n ¼ 49) pancreatic cancers were analyzed separately (excluding the positive control case with a known germline ATM mutation), ATM loss was observed significantly more frequently in familial cases [12/ Sanger sequencing was performed using matched nonneoplastic duodenal or pancreatic tissues from 26 cases with loss of ATM expression. Of these 26 cases, six cases were associated with a family history of pancreatic cancer (including the positive control case). No deleterious germline ATM mutations were found apart from the positive control case (c.8266A>AT; p.K2756X), which was reported previously (14) .
There were no significant associations between loss of ATM expression and other clinicopathologic variables, including age, tumor size, perineural invasion, and histologic differentiation. Pancreatic cancers with ATM loss tended to have more vascular invasion (63.3%) and lymph node metastasis (92.2%) compared with cases without ATM loss (49.4% and 84.1%, respectively; P ¼ 0.070 and P ¼ 0.129, respectively).
Clinicopathologic factors associated with decreased overall survival included older age at diagnosis (>67 years, P ¼ 0.030), higher T stage (P ¼ 0.052), lymph node metastasis (P ¼ 0.001), presence of vascular invasion (P ¼ 0.071), poor differentiation (P < 0.001), larger tumor size (>3 cm, P ¼ 0.005), and positive surgical resection margins (P < 0.001). Among patients with available data on their metastasis-free survival patients whose pancreatic cancers had ATM loss (P ¼ 0.004), poor differentiation (P ¼ 0.022) and those who had lymph node metastasis in their resection specimen (P ¼ 0.035) demonstrated significantly reduced distant metastasis-free survival by univariate analysis. After multivariate analysis, ATM loss remained the only significant independent predictor of decreased distant metastasis-free survival (HR ¼ 1.90; 95% CI, 1.08-3.33; P ¼ 0.025). Lymph node metastasis (P ¼ 0.003), poor differentiation (P ¼ 0.015), and positive resection margins (P < 0.001) were independent predictors for poor overall survival (Table 2 ). There was no significant difference in overall survival or local recurrence-free survival according to ATM expression status. Because TP53 status is known to influence cellular responses A B C to ATM deficiency, we evaluated ATM stratified by TP53 status.
Patient outcome by ATM and TP53 expression status
Abnormal TP53 expression was seen in 293 (73.8%) of the Hopkins cases. There was no difference in the prevalence of ATM expression loss in pancreatic cancers by TP53 protein expression status (42/293, 14.3%) in pancreatic cancers with abnormal TP53 expression compared with (9/104, 8.7%) with normal TP53 expression (P ¼ 0.172). ATM loss was associated with a significantly decreased overall survival in patients whose pancreatic adenocarcinomas had normal TP53 expression (P ¼ 0.019), but not in patients whose pancreatic cancers had abnormal TP53 expression (Table 3 ; Fig. 2 ). Nine cases which demonstrated both ATM loss and normal TP53 expression had a significantly reduced overall survival (P ¼ 0.010) compared with the other 388 pancreatic cancers, and after multivariate analysis, combined ATM loss and normal TP53 expression remained a significant independent predictor of decreased overall survival (HR ¼ 2.63; 95% CI, 1.22-5.67; P ¼ 0.014).
Clinicopathologic correlation and survival analysis (Emory series)
We evaluated the pancreatic cancers of 159 patients who underwent pancreatic resection at Emory University Hospital. The clinicopathologic characteristics are summarized in Table 1 . Loss of ATM expression was demonstrated in 17 out of 159 (10.7%) cases, and was significantly associated with decreased overall survival on univariate analysis (P ¼ 0.005). There were no significant relationships between ATM or TP53 expression status and other clinicopathologic variables, such as patient age, gender, tumor size, vascular invasion, perineural invasion, histologic differentiation, or lymph node metastasis (family history information was not available). Abnormal TP53 expression was seen in 107 of the 159 (67.3%) cases. There was no significant difference in the prevalence of ATM loss according to TP53 expression status and there were no significant differences in overall survival according to TP53 expression status. Survival data were available for 152 of the 159 pancreatic cancers. A trend toward decreased overall survival was noted for Emory patients with pancreatic cancers having both ATM loss and normal TP53 expression (n ¼ 5) compared with other pancreatic cancers (n ¼ 147; P ¼ 0.10). Perineural invasion (P ¼ 0.010), lymphatic invasion (P ¼ 0.006), and the presence of lymph node metastasis (P ¼ 0.046) were also associated with decreased overall survival. After multivariate analysis, ATM loss remained the only significant independent predictor of decreased overall survival (HR ¼ 3.199; 95% CI, 1.341-7.627; P ¼ 0.009).
Combined analysis of the Hopkins/Emory series
Tumoral ATM loss was detected in 67 of 555 cases (12%). Clinicopathologic data and tumoral ATM and TP53 analysis were examined in the 549 patients with information on overall survival. This analysis was performed just as for the prior analysis but we also included treating institution and treatment period (by 5-year interval) in the model. Factors that were significant in the univariate model and included in the multivariate model included patient age, tumor size (>3 cm), T stage, margin status, lymph node status, differentiation (well/moderate vs. poor), tumoral ATM loss, tumoral ATM loss with normal TP53, and perineural and vascular invasion. Because ATM loss cases with normal TP53 were a subset of cases with tumoral ATM loss, we ran a separate analysis for these two predictors. In the multivariate models, tumoral ATM loss was not an independent predictor of outcome, but tumoral ATM loss with normal TP53 was an independent predictor of poorer overall survival (HR ¼ 2.61; CI, 1.27-5.37; P ¼ 0.009). Other statistically significant factors associated with poorer overall survival included age >65 years, positive tumor margin, poor tumor differentiation, positive lymph nodes, as well as institution and treatment period (survival improved in recent years compared with earlier years; Table 4 ). Tumoral ATM and TP53 expression in patients treated with neoadjuvant therapy Of 22 resected pancreatic ductal adenocarcinoma tissues available for analysis, ATM immunohistochemistry was evaluable for 21 cases. One of these 21 cases (4.8%) had loss of tumoral ATM expression in the resected specimen. This case also had abnormal TP53 expression. Interestingly, there was no evidence of histologic response to treatment in this case: tumor cellularity was abundant and there was minimal fibrosis or necrosis.
Discussion
In this study, we found loss of tumoral ATM expression in 12.6% of our cohort of resected pancreatic cancers, indicating that ATM frequently undergoes biallelic inactivation during pancreatic tumor development (14) . Our results are consistent with recent genetic evidence that ATM functions as a tumor suppressor gene in pancreatic ductal adenocarcinomas. The International Cancer Genome Consortium pancreatic cancer exome project identified somatic mutations in ATM in approximately 5% of sporadic pancreatic cancers (15) , similar to our finding of loss of ATM expression in 11% of sporadic pancreatic cancers in the Hopkins series and in the Emory series. We also found that loss of tumoral ATM expression was significantly more common in pancreatic cancers from individuals with a family history of pancreatic cancer. Notably, we excluded any cases with known germline or somatic ATM mutations from our estimates of the prevalence of ATM loss in pancreatic cancers. Although we examined the germline DNA of patients with loss of tumoral ATM expression, we did not identify new deleterious germline mutations, perhaps because the majority of these patients had sporadic pancreatic cancer. It should be noted that we did not have germline DNA available from all cases with tumoral loss of ATM expression so we cannot exclude the possibility that some patients in our series had a germline ATM mutation.
In our prior report, we found germline ATM mutations in only approximately 2.4% of patients with familial pancreatic cancer and these familial cases were enriched for those with more than two affected first-degree relatives (14) . This low prevalence of germline ATM mutations even in patients with familial pancreatic cancer likely means that the tumoral loss of ATM in both familial and (24) . In most cases, ATM mutations are nonsense mutations, giving rise to truncated ATM protein, although other types of mutations have been reported, including missense mutations or in-frame deletions producing catalytically inactive ATM proteins (9) . The higher prevalence of tumoral ATM loss in cases with a family history indicates that there may be differences in the prevalence of cancer-associated mutations in familial compared with sporadic pancreatic cancers. We know from initial studies that the same genes are mutated in pancreatic cancers from familial and sporadic cases (25) , but more data about the mutational spectrum of familial versus sporadic pancreatic cancers are needed, not only to confirm whether ATM inactivation is more common in familial pancreatic cancers, but also whether there are differences in the activation or inactivation of other major driver genes of pancreatic cancer. Patients with familial pancreatic cancers may not only differ from sporadic cases with respect to inherited susceptibility, but also differ in the prevalence of other factors that contribute to pancreatic cancer development (e.g., smoking; ref. 26) , factors that can influence the pattern of genes and pathways targeted for mutation in a cancer.
The observation that biallelic inactivation of ATM is not unusual in pancreatic cancers could have important therapeutic implications. ATM is a critical member of the DNA repair pathway with complex protein-protein interactions facilitating recognition of double-stranded DNA breaks, recruitment of DNA repair proteins, and activation of cell-cycle check points to enable repair to occur. ATM activation involves interaction with the MRE11-RAD50-NBS1 complex to trigger downstream cell-cycle check point activation through phosphorylation of Chk2 and other important substrates, including p53 (27) . ATM is required to repair DNA after treatment with PARP inhibition (28, 29) and ATM inactivation is thought to predispose cancers to PARP inhibition (30) . Cancers with inactivation of BRCA2 are also characterized by a remarkable sensitivity to PARP inhibition (31) and there is evidence that PALB2 inactivation renders cancers similarly sensitive (32) . In contrast, cells lacking intact members of the Fanconi anemia complex upstream of PALB2 and BRCA2 rely on ATM for cell viability, indicating the complementary nature of these pathways (33).
It is not known whether pancreatic cancers with loss of ATM expression are more sensitive to radiotherapy or certain chemotherapies. In other cancer types, the chemosensitivity of ATM-deficient cells depends on p53 status. In a recent study by Jiang and colleagues, suppression of ATM or its downstream target Chk2 in the presence of functional (wild-type) p53 promoted genotoxic drug resistance of the tumor cells by preventing efficient execution of a p53-dependent apoptotic response, while ATM suppression sensitized the tumors to such chemotherapy in the absence of wild-type p53 (34) . They also found that decreased or absent ATM immunolabeling in the presence of wild-type p53 levels correlated with a significantly decreased overall survival rate in breast cancers compared with those with intact ATM expression consistent with our results. Further investigation is needed to determine whether pancreatic cancers with ATM loss and p53 inactivation are sensitive to chemotherapies that induce DNA strand breaks.
In summary, loss of ATM protein expression was observed in 12% of primary pancreatic ductal adenocarcinomas, was more common in patients with a family history of pancreatic cancer than in those without, and is not generally associated with germline mutations in the ATM gene. Loss of tumoral ATM expression is significantly associated with poorer overall survival among patients whose tumors retained normal p53 protein status.
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